The inflammatory bowel diseases (IBDs) Crohn's disease (CD) and ulcerative colitis (UC) are an important health problem, with an incidence among European adults of 12.7 and 24.3 per 100,000 person-years, respectively, and a prevalence of 0.5% to 1.0%.[@bib1] Moreover, the incidence of IBD is increasing among adults and children and in the developed and developing world.[@bib1; @bib2; @bib3; @bib4; @bib5] In the United Kingdom, IBDs cost the National Health Service approximately £720 million (approximately \$1.1 billion) per annum.[@bib6; @bib7]

The pathogenesis of IBD is believed to involve an aberrant immune response to intestinal microbiota in genetically susceptible individuals.[@bib8] Genetic studies have provided many candidate loci in the past decade, and the innate and acquired immune responses have been implicated in pathogenesis. However, identified genetic factors account for only a modest proportion of the disease variance: 13.6% for CD and 7.5% for UC.[@bib9] These figures highlight the need for critical evaluation of genetic discoveries to date and indicate the importance of environmental factors in the pathogenesis of IBD; in addition, the intriguing possibility arises that epigenetics may partially account for the "hidden heritability" in IBD.

We review recent genetic discoveries in IBD and introduce readers to epigenetic factors that could be involved in pathogenesis.

Genetics in IBD: A Generation of Progress {#sec1}
=========================================

In the past 25 years, there has been intense interest in identifying genetic and more recently epigenetic changes that relate to the pathogenesis of IBD. Few other complex diseases have been the subject of such extensive genetic and epigenetic research.

National consortia and subsequently large international collaborative research groups, such as the International IBD Genetics Consortium, have led the way in performing large-scale appraisals of the genome of patients with IBD (<http://www.ibdgenetics.org/>). The assumption-free approach of genome-wide association studies (GWAS) has helped to support established etiologic roles of the innate and acquired immune system in IBD and identified interesting new mechanisms such as autophagy.[@bib10]

Findings from the past 25 years of genetic discovery in IBD have been put into context by the latest meta-analysis of the GWAS and ImmunoChip data.[@bib9] The ImmunoChip (Illumina, Inc, San Diego, CA) was developed following GWAS of IBD and other immune diseases; it contains 200,000 single nucleotide polymorphisms (SNPs) relevant to IBD and other immune-mediated diseases. The aims of the ImmunoChip experiments are to replicate and fine map the known IBD susceptibility loci and to identify common links with other immune disorders. The meta-analysis comprised more than 75,000 cases and controls and more than 1.23 million SNPs from several centers worldwide. It identified a further 64 loci, bringing the total number of IBD-associated loci to 163; this is significantly more than for any other complex disease.[@bib9]

The Genetic Architecture of IBD {#sec2}
===============================

Early GWAS identified IBD loci common and unique to CD and UC.[@bib11] The latest data show the increasing proportion of loci common to both diseases, with relatively fewer CD- or UC-specific loci.[@bib9] Of the 163 identified loci, 110 are associated with both diseases, 30 are CD specific, and 23 are UC specific.[@bib9] Studies of gene loci shared by UC and CD may provide insight into their common pathogenic mechanisms. The T-helper (Th)17 and interleukin (IL)-12/IL-23 pathway is well established in the pathogenesis of IBD, with susceptibility gene loci *IL23R*, *IL12B*, *JAK2*, and *STAT3* identified in both UC and CD.[@bib12; @bib13] Variants in *IL12B*, which encodes the p40 subunit of IL-12 and IL-23, have been associated with IBD and other immune disorders.

Defects in the function of IL-10, an immunosuppressive cytokine, have also been associated with CD and UC.[@bib14; @bib15] A severe, childhood-onset, CD-like form of enterocolitis is associated with rare mutations in *IL10R*. However, this disorder could be a separate entity from idiopathic IBD.[@bib16; @bib17] Other susceptibility genes that regulate immune function include *CARD9*, *IL1R2*, *REL*, *SMAD3*, and *PRDM1*.[@bib12] Interestingly, the well-established CD risk variants of *NOD2* and *PTPN22* appear to protect against UC.

CD-Specific Susceptibility Loci and Pathways {#sec3}
============================================

CD has a greater genetic component than that of UC, and several CD-specific susceptibility loci have been delineated. The latest genetic data increasingly highlight the relationship between the host innate immune system and the intestinal microbiota in CD. GWAS have indicated that intracellular bacterial processing by autophagy is an important pathogenic mechanism. Importantly, the association between CD and *NOD2* has been consistently replicated at the genome-wide significance level[@bib18]; NOD2 has been mechanistically linked with autophagy.[@bib19; @bib20] Cigarette smoking, a strong environmental factor in risk of CD, might affect NOD2 function.[@bib21] Furthermore, the product of the CD susceptibility gene *ATG16L1* is recruited to the plasma membrane by NOD2, where it initiates bacterial internalization by autophagosomes.[@bib15; @bib18; @bib20]

Another gene involved in autophagy-induced bacterial killing is *IRGM*. CD-associated polymorphisms in *IRGM* lead to reduced protein expression. A different SNP of *IRGM* protects against *Mycobacterium* *tuberculosis*.[@bib22; @bib23] The most recent data from ImmunoChip studies indicated an overlap between IBD loci and complex mycobacterial disease loci[@bib9]; 7 CD susceptibility genes overlap with leprosy susceptibility genes, and 6 mycobacterium susceptibility genes overlap with IBD loci. However, for several of these diseases, the genetic associations have opposite effects.[@bib9] Genes involved in the host response to mycobacteria that were previously associated with CD include *CARD9* and *LTA*.[@bib11; @bib15] Other CD-specific loci identified related to the immune system include *PTPN22*, *IL2RA*, *IL27*, *TNFSF11*, and *VAMP3*.[@bib15; @bib18]

UC-Specific Susceptibility Loci and Pathways {#sec4}
============================================

Although UC susceptibility loci have primarily included genes that regulate intestinal epithelial barrier function, there is recent evidence that HLA variants are involved in the development of UC.[@bib9] *HLA-DQA1* was the locus most strongly associated with UC (odds ratio, 1.44),with no corresponding increased risk in CD.[@bib9] The HLA class II genes are tremendously diverse and control antigen presentation to T cells; they have been implicated in other immune diseases.

Hepatocyte nuclear factor 4A (*HNF4A*) regulates expression of cell junction proteins in the intestinal epithelial barrier; variants have been associated with UC and with colorectal cancer, a complication of chronic inflammation in patients with IBD.[@bib24] Rare SNPs at the *HNF4A* gene locus, not implicated in UC, are associated with maturity-onset diabetes, inherited in an autosomal dominant fashion.[@bib25] Other UC-associated genes that affect epithelial barrier function include *CHD1*, which encodes E-cadherin, and *LAMB1*, which encodes the lamina β subunit 1. Many UC risk alleles encode cytokines and inflammatory mediators, including tumor necrosis factor (TNF) receptor superfamily members (*TNFRSF14*, *TNFRSF9*), ILs, and IL receptors (*IL1R2*, *IL8Ra*/*RB*, *IL7R*).[@bib12]

Relationships With Other Diseases {#sec5}
=================================

Jostins et al reported that 70% of IBD loci overlap with loci associated with other complex immune diseases, such as *IL23R* variants associated with psoriasis and ankylosing spondylitis.[@bib26; @bib27; @bib28; @bib29] However, these polymorphisms sometimes have opposite effects in different diseases. For example, a variant of *PTPN22* protects against CD but is a risk factor for type 1 diabetes and rheumatoid arthritis.[@bib30] Extraintestinal manifestations of IBD also share common loci, which may explain their co-occurrence. For example, variants of *REL*, *IL2*, and *CARD9* are associated with UC and primary sclerosing cholangitis.[@bib11; @bib31]

Current Agenda for Genetic Studies of IBD {#sec6}
=========================================

Many of the IBD loci identified so far have not been accurately characterized or fine mapped, and the candidate genes commonly used to describe them are only putative. Moreover, the biological functions of their products, and their complex interactions, in most cases require delineation. Studies are under way to use the greater detail afforded by the ImmunoChip data to fine map loci, and functional studies are needed. Further work is required to determine how specific variants affect levels of messenger RNA (mRNA) and consequently protein, which could provide further insight into mechanisms of pathogenesis. This is likely to take considerable time; NOD2 was identified more than 10 years ago, and there is still uncertainty about its function.[@bib29]

GWAS have excelled in identifying moderate-risk genetic variants with at least 5% prevalence in the population. Novel approaches are needed to discover lower-prevalence variants with higher effect size. Whole-exome sequencing, which covers only coding areas of the genome, costs less than whole-genome sequencing and tends to afford higher-depth coverage and therefore greater certainty about novel discoveries. It has been successfully used to identify single mutations in very early-onset IBD[@bib32] and is perhaps most likely to produce results in individuals with a strong family history or early age of disease onset. However, many polymorphisms that affect disease susceptibility are located in noncoding areas of the genome; the ENCODE project has highlighted the importance of noncoding regions in disease risk.[@bib33] Exome sequencing and whole-genome sequencing are each under way, with large-scale endeavors at the Sanger Centre likely to report results in mid-2013 (<http://www.ibdresearch.co.uk/>).

Other researchers are looking for associations between specific genotypes and disease phenotypes. To date, *NOD2* mutations have been associated with stricturing ileal CD, and *DRB1\*0103* has been associated with severe extensive UC.[@bib34; @bib35; @bib36] The International IBD Genetics Consortium recently presented preliminary data from the core phenotyping project, which used ImmunoChip data to identify genetic factors that correspond to disease phenotypes. The International IBD Genetics Consortium confirmed the associations of variants of *NOD2* and HLA with CD and UC, respectively, as well as associated *HLA* variants with location of CD and reported the effects of *NOD2* and *HLA* genotypes on age of disease onset.[@bib37]

Most IBD genetic analyses have been performed in the white populations of Northern Europe and America. More recently, there has been a push to expand this work to other ethnic populations.[@bib38] IBD-associated variants of *NOD2*, for example, are less prevalent in black populations, and CD-associated mutations have not been detected in Asian or Sub-Saharan African populations.[@bib39; @bib40]

Pharmacogenomics, the study of how genomic factors affect the efficacy, tolerability, and side effects of a therapeutic agent, remains high on the research agenda. Patients are evaluated for thiopurine S-methyltransferase (encoded by *TPMT*) genotype and phenotyping before initiation of thiopurine therapy is recommended by the US Food and Drug Administration.[@bib41; @bib42] There are ongoing attempts to predict patients' response to other agents based on genetic factors. Studies supported by the Serious Adverse Events Consortium aim to predict mesalamine-induced nephrotoxicity (<http://www.ibdresearch.co.uk/5asa/>) and serious complications of anti-TNF therapies and thiopurines (<http://www.ibdresearch.co.uk/pred4/>).

A main goal of IBD research is to develop disease-specific therapeutics. Many researchers are developing reagents to alter activities of genes and pathways identified through GWAS, and the IL-12/IL-23 signaling pathway is one promising target. Ustekinumab, a monoclonal antibody that binds to the shared p40 subunit encoded by *IL12B,* has undergone phase 2b induction and maintenance trials in patients with CD.[@bib43] Apilimod mesylate, briakinumab (ABT-874), and SCH-900222, also target components of the IL-12/IL-23 signaling pathway, and are currently under evaluation.[@bib44]

From the Environment to Genetics via Epigenetics {#sec7}
================================================

The challenge remains to measure patients' duration, intensity, and frequency of exposure to the many environmental factors that potentially could contribute to IBD, making the environmental impact on disease difficult to disentangle.[@bib45] Epigenetic factors could mediate gene-environment interactions involved in pathogenesis. Epigenetic programming begins at fertilization and continues throughout life. Studies of Agouti mice and the offspring of post--World War II Dutch famine survivors revealed how the environment can affect epigenetic factors. Dietary intake during pregnancy was shown to affect the epigenetic reprogramming step in offspring during early development, an effect that persisted for up to 2 generations.[@bib46; @bib47; @bib48; @bib49; @bib50] Moreover, there is evidence for acquired epigenetic changes with aging caused by a range of environmental factors.[@bib51] Epigenetics could therefore play a central role in the pathogenesis of IBD and other diseases, affecting interactions among genetic and environmental factors such as the intestinal microbiome ([Figure 1](#fig1){ref-type="fig"}).

In IBD research, several key developments in molecular studies have led us from genetics to explore epigenetics. GWAS have identified key epigenetic regulatory enzymes such as DNA methyltransferase (DNMT) 3a and more recently DNMT3b as CD susceptibility genes.[@bib9; @bib15] Dendritic cells that express CD-associated variants of *NOD2* fail to up-regulate microRNA (miR) clusters that regulate Th1 and Th17 cell--mediated immune responses.[@bib52] Epigenetic mechanisms have also been shown to regulate the immune system. For example, differentiation of Th2 cells requires epigenetic silencing of the *IFNG* locus.[@bib53]

What Is Epigenetics? {#sec8}
====================

Epigenetics may be defined as mitotically heritable changes in gene function not explained by changes in the DNA sequence. Gene expression can be altered by changes to the structure and function of chromatin ([Figure 2](#fig2){ref-type="fig"}). The main epigenetic mechanisms include DNA methylation, histone modification, RNA interference, and the positioning of nucleosomes (which will not covered in depth in this review).

The epigenome can be regarded as both stable and plastic. The epigenome can be regarded as stable as epigenetic marks are passed onto daughter cells during mitosis.[@bib54] However, stochastic and environmental factors can cause dynamic changes to the epigenome over time.[@bib55] During mitosis, the level of fidelity of epigenomic replication is much lower than that of the genetic sequence (error rate of 1 × 10^6^ for the DNA sequence compared with 1 × 10^3^ for DNA modifications), leading to an accumulation of epigenetic changes over time.[@bib45; @bib56] Similarly, several environmental factors produce epimutations (epigenetic changes associated with disease); factors relevant to IBD include smoking, the microbiota, and diet.

Epigenetic marks are reset during meiosis; the epigenome is established early in embryogenesis after undergoing several reprogramming steps, during which the epigenome is most subject to modification.[@bib54; @bib57] Given that the epigenome is reset during meiosis, it was believed that epigenetic marks were not passed between generations.

Although environmental exposures in utero can lead to epigenetic changes that persist for up to 2 generations, there is increasing interest in true epigenetic inheritance, which lasts multiple generations.[@bib58; @bib59; @bib60] Transgenerational epigenetic inheritance has attracted both excitement and skepticism in the scientific community and pertains to epigenetic marks resistant to the major reprogramming steps.[@bib45; @bib59] The most compelling evidence for transgenerational epigenetic inheritance comes from studies of plants; DNA methylation-mediated silencing of the *Lcyc* promoter causes variations in floral symmetry in *Linaria vulgaris* (toadflax) that are stably inherited over many generations.[@bib61] Although additional examples have been reported from studies of plants, insects, and mammals, the concept is still met with some reservation.[@bib62] Incomplete erasure of epigenetic mutations across generations could contribute to familial predisposition to diseases such as IBD.[@bib45]

DNA Methylation {#sec8.1}
---------------

DNA methylation is the most widely studied epigenetic modification; in this process, a methyl group is covalently added to cytosines that are part of cytosine-guanine dinucleotides (CpG). Full methylation occurs when cytosine residues on both DNA strands are methylated. CpG dinucleotides are generally sparse in the genome (∼1%) but are relatively concentrated in specific regions called "CpG islands." CpG islands are defined as a 200-base sequence containing greater than 50% CpG dinucleotides at an observed to statistically expected ratio of 0.6.[@bib63] The areas where most tissue-specific methylation appears to border CpG islands have been termed "CpG shores."[@bib64]

Transcriptionally repressive activity generally occurs where a gene has methylation of CpG islands in promoter areas and is an important mechanism of gene silencing.[@bib65] DNA methylation may lead to transcriptional repression by hindering access of transcription factors to promoter regions, although many researchers believe the reverse is true: that gene silencing subsequently leads to DNA methylation.[@bib66; @bib67]

DNA is methylated by enzymes called the DNMTs. There are 5 members of the DNMT family: DNMT1 (maintenance of methylation), DNMT2 (involved in RNA methylation), DNMT3a, DNMT3b, and DNMT3L (involved in new methylation). There is evidence that these DNMTs interact and that other epigenetic mechanisms can recruit DNMTs to specific gene loci.[@bib63]

DNA methylation passes from the mother to the daughter cells during mitosis; DNMT1 mediates full methylation of hemimethylated CpG sites during DNA replication. DNA methylation is part of normal genetic imprinting (hypermethylation of one parental allele leads to monoallelic expression) and inactivation of the X autosome in females. Inherited deficiency of DNMT3B leads to immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome, whereas complete lack of DNMT enzymes leads to embryonic lethality.[@bib65]

Histone Modification {#sec8.2}
--------------------

Histones can undergo a range of complex modifications; a complete discussion is beyond the scope of this review. Histones have N-terminal amino acid tails that protrude and can be modified by acetylation, methylation, ubiquitination, and phosphorylation.[@bib68] Different posttranscriptional modifications to histone ends are believed to recruit different coactivators or corepressors, which determines whether chromatin is in its relaxed or condensed form.[@bib69]

Histone acetylation is the most well-described posttranslational modification and is regulated by the levels and activity of histone acetyl transferase (HAT) and histone deacetylase (HDAC).[@bib70] In a simple model, chromatin is transcriptionally active when lysines on histones H3 and H4 are acetylated. Although it is not exactly clear how acetylated histones affect transcription, they might change the structure of chromatin (acetylation of lysine neutralizes the positive electrostatic charge of the histone, facilitating the opening of chromatin) and thereby reveal binding sites for important coactivators.[@bib68] Overexpression or increased activity of HDACs can lead to hypoacetylation and gene silencing.

There are 18 subtypes of HDAC in mammalian cells. Classes I and II are simple hydrolases, whereas class III HDACs require cofactors. HDAC enzymes can be inhibited by a range of natural (eg, lactate, butyrate) and synthetic compounds.[@bib71]

RNA Interference {#sec8.3}
----------------

miRs are single-stranded noncoding RNAs typically 22 nucleotides in length that are highly conserved throughout evolution.[@bib72] miRs with members of the Argonaut (Ago) family form the RNA interference-silencing complex. This complex regulates translation by binding to 3′ regions of untranslated mRNAs by directly inhibiting mRNA translation or by causing mRNA degradation (depending on the degree of complementarity between the miR and the mRNA target).[@bib73]

After their description in the mid-1990s, a large number of miRs have been described (\>1600 in humans, see <http://mirbase.org>). miRs are transcribed by RNA polymerase II into hairpin structures called pre-miR. Pre-miR is processed in the nucleus (by enzyme Drosha) and then the cytoplasm by the Dicer enzyme.[@bib72] After processing, each miR may show complementarity with many different mRNAs, and each mRNA may be targeted by many different miRs.[@bib74; @bib75] miRs regulate gene expression and thereby numerous biological processes, including cell proliferation, differentiation, and death. Altered miR expression has been associated with many diseases.

Potential Pitfalls {#sec8.4}
------------------

A major hurdle in interpreting results from epigenetic studies is to determine causality, that is, whether a particular epigenetic profile is cause or consequence of disease. Furthermore, many of these studies provide only a snapshot of the epigenetic profile after the disease process has been established, rather than describing a temporal relationship between an epigenetic alteration and subsequent disease development. The epigenetic profile changes over time, and apparent associations may be a consequence of the disease itself or other environmental factors such as therapy.[@bib76; @bib77] Conditional correlation models have attempted to determine how DNA methylation and genetic factors interact to cause diseases.[@bib78]

Epigenetic marks are tissue and cell type specific, and therefore selection of a disease-relevant tissue type is crucial. In IBD research, it has been a major challenge to identify disease-relevant cell types. Currently, interest is focused on immune cells in the blood (such as CD4^+^ and CD8^+^ T cells) and the intestine (intraepithelial lymphocytes).

Results from studies of whole tissues, such as whole blood or colon biopsy samples, are difficult to interpret because of the heterogeneity among cell types, each with their own epigenetic signature. Early epigenetic studies of IBD were mostly performed with whole tissues, making results difficult to interpret; epigenetic features of individual cells can be masked by those of heterogeneous cell groups. Some researchers have used statistical methods to adjust for differing cell proportions.[@bib78; @bib79] Studies are in progress to address this issue.

Epigenetics and IBD {#sec9}
===================

DNA Methylation {#sec9.1}
---------------

Initial DNA methylation studies largely focused on the predisposition to cancer in IBD. DNA methylation changes in colonic epithelial cells that normally occur with aging are accelerated in IBD because of higher cell turnover in inflammation.[@bib80] Increased age-related DNA methylation, observed in colon cells of patients with colitis, could lead to genetic instability and development of cancer.[@bib80] Increased DNA methylation has been shown in dysplastic and the surrounding nondysplastic colon tissues from patients with UC compared with control subjects or patients with UC who do not have dysplasia.[@bib80] Four of 15 loci associated with development of cancer (*CDH1*, *GDNF*, *HPP1*, and *MYOD1*) were differentially methylated in surgical resection samples from patients with active UC compared with those with quiescent mucosa.[@bib81] *CDH1* encodes the cell adhesion molecule E-cadherin, which is associated with IBD-associated cancer. Hypermethylation of the *CDH1* promoter region has been shown in dysplastic and cancerous gut tissue of patients with UC compared with nondysplastic samples.[@bib24; @bib82; @bib83]

The increasing interest in the role of DNA methylation in the pathogenesis of IBD has coincided with advances in platform-based DNA methylation array technologies, which have superseded candidate gene methylation profiling techniques.

Initial IBD epigenome-wide methylation association studies (EWAS) used platform-based arrays to analyze peripheral blood samples ([Table 1](#tbl1){ref-type="table"}). Nimmo et al analyzed the methylation profile of peripheral blood from women and children with CD.[@bib79] Whole-blood DNA was analyzed using the Illumina 27K chip (Illumina, Inc). Fifty genes showed significantly different levels of methylation between patients with IBD and controls, including some involved in immune system activation (*MAPK*, *RPIK3*, and *IL21R*). Ontology analysis highlighted several pathways associated with IBD, including immune system processes, immune response, and host response to bacteria, whereas canonical pathway analysis indicated the involvement of Th17 cell pathways.[@bib79]

Another study showed the tissue-specific nature of epigenetic marks. No significant differences in DNA methylation were observed between children with IBD and controls based on methylation-specific amplification microarray analysis of peripheral blood. However, they found that peripheral blood mononuclear cells (PBMCs) from patients with IBD showed hypermethylation at the *TEPP* locus, which encodes testes, prostate, and placenta-expressed protein and is of uncertain relevance in IBD.[@bib84] A study that analyzed DNA methylation in Epstein--Barr virus---transformed B cells from 18 patients with IBD versus nonaffected siblings identified 49 differentially methylated CpG sites. More than half of the differentially methylated loci contained genes that regulate immune functions, including several (*BCL3*, *STAT3*, *OSM*, *STAT5*) involved in the IL-12 and IL-23 pathways.[@bib85]

DNA methylation has also been studied in colonic tissue ([Table 1](#tbl1){ref-type="table"}). An EWAS of intestinal biopsy samples from 20 monozygotic twins discordant for UC identified 61 differentially methylated loci, with several containing genes that regulate inflammation (*CFI*, *SPINKK4*, *THY1*/*CD90*). This study had an interesting design in that after the loci were identified in the analysis of discordant monozygotic twins (to exclude differences in genetic factors), they were validated in an independent cohort.[@bib86]

To overcome the heterogeneity of cell types in tissues, a methylation-wide profiling study of whole rectal biopsy specimens from patients with active and quiescent UC and CD was validated using isolated epithelial cells from rectal biopsy specimens.[@bib87] Many differentially methylated genes were identified in whole tissue, encoding proteins including DOK2 (involved in IL-4--mediated cell proliferation), Tap1 (a major histocompatibility complex class I transport molecule), and members of the TNF family (TNFSF4 and TNFSF12). *ULK1* was methylated only in patients with CD; its product has a role in autophagy. Genes identified as being differentially methylated in this study, replicated findings from other EWAS,[@bib79] and have also been identified as susceptibility genes in GWAS,[@bib12; @bib24] including *CDH1*, *ICAM3*, *IL8RA*, and *CARD9*.

Histone Modification {#sec9.2}
--------------------

Histone modification is a complex process and the least studied epigenetic mechanism in IBD research. Although histone modifications have been shown to regulate genes that control inflammation,[@bib88] much of our understanding of histone modifications in the context of IBD has come from experimental and therapeutic trials of histone deacetylase inhibitors (HDACi).

Patterns of histone acetylation in colon tissues from rats with colitis, induced by administration of dextran sulfate sodium and 2,4-trinitrobenzene sulfonic acid, and biopsy specimens from patients with CD have been described. Inflamed tissue and Peyer's patches from rats with colitis and patients were found to have increased acetylation of H4 (at lysines residues 8 and 12).[@bib89]

Several mechanisms have been proposed to link histone modification with inflammation, involving the innate immune response to microbiota. Butyrate, an endogenous metabolite formed during fermentation of dietary fibers by the intestinal microbiota, is an HDAC inhibitor. Butyrate increases expression of *NOD2* by increasing histone acetylation in its promoter region.[@bib90] Histone acetylation has a role in production of intestinal alkaline phosphatase, an endogenous protein responsible for detoxification of bacterial lipopolysaccharide. Sodium butyrate increased intestinal alkaline phosphatase production via its ability to inhibit HDAC.[@bib91] Toll-like receptor 4 regulates intestinal homeostasis by preventing excessive inflammatory responses to commensal bacteria and could be regulated by histone deacetylation.[@bib92] Expression of a gingival antimicrobial protein, β-defensin 2, is also increased by histone acetylation.[@bib93]

HDAC inhibitors can be classified according to structural class. These classes include carboxylates (sodium butyrate and valproate), hydroxamic acids (trichostatin A, SAHA, KBH-A42, and ITF2357), benzamides (entinostat or MS-275 and mocetinostat or MGCD-0103), and cyclic peptides (α-apicidin and depsipeptides).[@bib94] HDAC inhibitors have primarily been investigated in cancer research but also have anti-inflammatory effects.[@bib95] It is worth noting that the enzymes that affect histone acetylation status (HAT, HDAC) do not act exclusively on histones but affect acetylation of a range of proteins, including p53, STAT3, and HIF1α.[@bib96] Therefore, HDAC inhibitors act not only through epigenetic mechanisms but also on multiple histone-independent targets, including the transcription factor nuclear factor κB (NF-κB) pathway, cytoskeletal proteins, and cell cycle and apoptosis regulators.[@bib97; @bib98]

Several anti-inflammatory mechanisms of HDACi have been proposed. The expression of T-regulatory cells, which mediate immune tolerance and abrogate excessive inflammation, is linked to Foxp3 gene expression. Administration of HDACi in mice leads to increased T-regulatory cell differentiation and suppression of bowel inflammation, potentially as a result of acetylation of lysines in the forkhead domain of Foxp3.[@bib99] Another mechanism could involve their effects on acetylation of proteins in the NF-κB pathway.[@bib96; @bib100] In models of murine colitis, the HDACi ITF2357 increases acetylation of histone 3 and reduces activation of NF-κB.[@bib101] HDAC2 is associated with corticosteroid responsiveness, affecting NF-κB regulation of gene expression.[@bib102]

Butyrate enemas have been used to treat patients with colitis, although inhibition of HDAC may not be their predominant mechanism of action. Butyrate has several effects on the gastrointestinal tract, including maintenance of barrier function and a homeostatic reduction in epithelial cell production of IL-8.[@bib103; @bib104; @bib105] Butyrate reduces the disease activity index of patients as well as nuclear translocation of NF-κB in lamina propria macrophages.[@bib106] Other HDACi have also been shown to ameliorate dextran sulfate sodium--induced colitis in mice.[@bib101; @bib104]

RNA Interference {#sec9.3}
----------------

Studies in animals have shown that intestinal miRs regulate gut homeostasis. Mice deficient in intestinal Dicer1, an miR-processing enzyme, have disorganized intestinal epithelial crypts with increased goblet cells, rapid jejunal epithelial migration, and accelerated apoptosis. Additionally, mice deficient in intestinal Dicer1 have increased inflammation and neutrophil and lymphocyte migration, and reduced epithelial barrier function, compared with mice not deficient in Dicer1.[@bib107]

A number of studies have investigated differences in miRs between patients with and without IBD ([Table 2](#tbl2){ref-type="table"}). Changes in miRs in human IBD were first described in 2008.[@bib108] In sigmoid biopsy specimens from patients with active UC, levels of 8 miRs were significantly increased and 3 were decreased compared with samples from patients without UC. miR-192, normally expressed in colonic epithelial cells, was significantly reduced in tissues of patients with active UC.[@bib108] miR-192 reduces expression of macrophage inhibitory peptide 2α, a CXC chemokine expressed by epithelial cells; its levels are increased in colon tissues of patients with UC.[@bib108]

miR-150 is up-regulated in mice with dextran sulfate sodium--induced colitis in colon tissues from patients with UC; its levels correlate inversely with those of its target c-Myb, which has a role in apoptosis.[@bib109] Up-regulation of miR-21, which promotes inflammation, has been reported in several studies of patients with active UC and CD colitis (but not ileitis), along with miR-155.[@bib110; @bib111; @bib112] miR-196 is overexpressed in the inflamed epithelium of patients with CD and may reduce IRGM-mediated autophagy.[@bib113]

Distinct miR signatures have been identified in peripheral blood samples from patients with IBD compared with controls and in patients with CD compared with those with UC.[@bib114] Several miRs have been found to be significantly up-regulated or down-regulated in 2 or more studies, including miRs-16, -21, -28-5p, -149, -151-5p, -199-a, and -532-3p.[@bib114; @bib115; @bib116] Eleven miRs were also found to be differentially expressed between serum samples from pediatric patients with CD and healthy children.[@bib115]

Further adequately powered studies are required to identify IBD-associated miR profiles in intestinal tissues and serum, plasma, and separated blood cells. Specific miR profiles might be able to predict IBD susceptibility, progression, and response to therapy. Moreover, identifying the targets of these miRs will provide additional insight into the pathogenesis of IBD.

Interaction Between Genetics and Epigenetics in Complex Disease {#sec10}
===============================================================

An intriguing field of investigation is the relationship between genetic and epigenetic factors. There is evidence of colocalization of differentially methylated CpGs at predisposing SNPs identified at GWAS. In our own EWAS of CD, we showed enrichment of methylation changes within 50 kilobases from GWAS-identified susceptibility loci, including *IL-19*, *IL-27*, *TNF*, and *NOD2*.[@bib79] In a recent large methylation study of patients with rheumatoid arthritis, in 5 of 9 MHC genes, a specific genotype was associated with differential methylation.[@bib78]

This phenomena has also been observed in studies of patients with type 2 diabetes mellitus, where a specific allele, rs8050136, within the obesity and diabetes susceptibility gene *FTO* is associated with increased DNA methylation.[@bib117] However, Toperoff et al associated a different *SNP*, rs1121980, with hypomethylation of *FTO*.[@bib118]

It is not clear how these SNPs affect methylation of the gene. They could increase the numbers of CpG dinucleotides or alter the access of the methylation machinery to the gene.[@bib117] Allele- or haplotype-specific methylation occurs more commonly with *cis*-acting polymorphisms.[@bib119] A potential cofounder of the Illumina BeadArray, used in most DNA methylation studies, is that certain probes contain SNPs or repetitive elements that can affect methylation analysis.[@bib120]

Variants in *STAT4* have also been reported to alter its methylation ([Figure 3](#fig3){ref-type="fig"}*A*). Additional evidence of haplotype-specific methylation has been shown in the promoter regions of *IL8RA* and *IL8RB*. Rectal biopsy specimens from patients with IBD were shown to have increased methylation of the CpG island closest to the transcriptional start site of *IL8RA*: the proposed binding site of transcription factor PU.1 (SPI-1).[@bib87] The risk allele rs11676348 alters a CpG, is located between *IL8RA* and *IL8RB* coding sequences, and contains a binding site for the transcription factor *STAT3.*[@bib87] Although not specifically probed itself by the Illumina 27K, differential methylation was observed on either side of rs11676348.[@bib87]

Similarly, SNPs can affect the complementarity of miR binding. IBD-associated variants of *IL23R*, which have a role in IL-12 and IL-23 signaling, may show altered binding with miRs Let-7e and Let-7f, leading to altered expression of IL23R and inappropriate Th17 activation ([Figure 3](#fig3){ref-type="fig"}*B*). *IRGM* mediates innate immune defense against intracellular organisms, including *Mycobacterium* *tuberculosis*.[@bib23] Variants of *IRGM* alter the binding site for miR-196 ([Figure 4](#fig4){ref-type="fig"}*B*).[@bib113]

Another study evaluated the risk of UC conferred by 3 common allelic variants of 3 pre-miRs (miR-146a, -196a, and -499). Three SNPs (rs11614913, rs2910164, and rs3746444) were genotyped in 170 patients with UC and 403 control patients. The AG heterozygous genotype of rs3746444, encoding miR-499, was significantly associated with an increased risk of UC (odds ratio, 1.51). The same genotype was also associated with older age of onset, left-sided colitis, hospitalization, and dependence on corticosteroids.[@bib121]

Clinical Implications {#sec11}
=====================

A number of potential clinical applications of epigenetics in diagnostics and therapeutics are receiving attention. The diagnostic applications of epigenetics include the use of biomarkers to confirm diagnosis, stratify disease course and response to chemotherapy, and predict development of cancer.[@bib122] Particularly pertinent for IBD, methylation changes in *SFRP2*, measured in fecal DNA samples, have been used to identify patients with colorectal cancer with approximately 75% sensitivity and specificity.[@bib123] Biomarkers have been found in a range of body fluids, including sputum, urine, and saliva for lung, bladder, and head and neck cancers, respectively.[@bib124; @bib125; @bib126] DNA methylation is a quantitative trait and therefore an attractive biomarker. A panel of relevant hypomethylated or hypermethylated CpGs might someday be used to distinguish between UC and CD, enable disease stratification, and predict treatment response.

The tissue-specific nature of epigenetic changes becomes especially relevant when considering their use as biomarkers. In oncology, tumor-specific aberrant DNA methylation might be used to identify patients with cancer.[@bib127] DNA methylation might also be useful in identifying patients with UC who are most likely to develop cancer. DNA methylation was increased in dysplastic and nondysplastic tissues from patients with colitis-associated cancer compared with those without cancer.[@bib81] More recently, changes in neoplasia-associated DNA methylation in *SLIT2* and *TMEFF2* were found in mucosal biopsy specimens and fecal DNA from patients with IBD who are at high risk for developing dysplasia or cancer.[@bib128]

Disease-specific DNA methylation might be difficult to detect because of the heterogeneity of cell types in whole tissue samples and only become evident when isolated cell types are analyzed.[@bib84] The additional resources required to separate cells may limit the applicability of DNA methylation as a biomarker, although early studies of whole blood have produced promising results for biomarker development.

Likewise, miRs have been advocated as possible biomarkers. When analyzing more than 300 miRNAs present in colonic tissue biopsy specimens, distinct profiles were identified in IBD versus control samples (miR-26a, -29b, -126, -127-3p, -324-3p) and between quiescent UC and CD (miR-196b, 199a-3p, -199-5b, -150, -223).[@bib111] Distinct IBD profiles of miRs have also been described in peripheral blood, providing appealing, minimally invasive biomarkers. A miR panel from peripheral blood was able to distinguish between patients with UC and CD; levels of 10 miRs were increased and the level of one was decreased in patients with UC compared with CD.[@bib108] miRs derived from platelets, microvesicles, and PBMCs have also been measured in attempts to differentiate patients with and without UC. Seven miRs were differentially expressed in patients with UC compared with controls.[@bib129] The specificity of miRs for IBD is not known and may limit their applicability as diagnostic biomarkers, but they could be used to monitor disease activity. For example, the proinflammatory miR-21 is increased in peripheral blood of patients with IBD but is also increased in patients with other diseases, including colorectal cancer.[@bib130; @bib131]

Therapeutics {#sec12}
============

Further studies of epigenetic factors associated with IBD could lead to new therapeutic strategies, whether they specifically target epigenetic mechanisms or affect the pathways they control. Pharmacologic agents that affect epigenetic processes include HDACi, HAT inhibitors, and DNMT inhibitors. However, these have not been tested in patients with IBD. HDACi were first licensed in the United States for treatment of T-cell lymphoma and are now being evaluated for inflammatory disorders such as rheumatoid arthritis, multiple sclerosis, and juvenile arthritis.[@bib132; @bib133] A controlled trial of butyrate, conducted more than 10 years ago, found that a combination of butyrate and mesalamine compounds induced remission significantly more frequently than mesalamine alone in patients with refractory UC.[@bib134] These so-called "pan-HDAC inhibitors" lack specificity for individual HDAC enzymes and are consequently accompanied by side effects such as worsening of atherosclerosis and immunosuppression. The ultimate objective will be to develop specific HDACi that target only enzymes involved in intestinal inflammation.[@bib96] For example, inhibition of HDAC9 alone could increase the function of *FoxP3* T-regulatory cells and help to ameliorate colitis.[@bib135]

Conclusions {#sec13}
===========

Great strides have been made in understanding the genetic basis for IBD, providing insight into new pathogenic mechanisms and expanding existing ones. Further studies are required to fine map the 163 known IBD susceptibility loci and determine how they contribute to disease risk. Epigenomics is an emerging field that adds an extra layer of complexity to genetic analyses. Epigenetic studies could provide exciting clues into the pathogenesis of IBD but, like genetics, are unlikely to address all outstanding questions. It is more likely that epigenetics analyses will be integrated into larger bioanalytical models alongside other emerging IBD research disciplines, such as transcriptomics, metagenomics, glycomics, glycoproteomics, and metabolomics.

Epigenetic research could provide biomarkers for use in diagnosis of IBD, along with predicting disease progression and response to therapy. Prospective studies supported by the European Union that follow the course of disease in newly diagnosed patients and relate phenotype to biomarker profile could deliver clinically useful results in the next decade to help in personalizing care.[@bib136; @bib137]
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![Roles for epigenetics in pathogenesis. Epigenetics could mediate between the genetic environment and environmental factors to help determine the phenotype of IBD. The classic paradigm of genotype leading to phenotype and disease (*A*) has been expanded to embrace key etiologic factors in IBD (*B*). Epigenetics (*purple*) may interact with both genetic factors (*blue*) and environmental factors (*green*) in affecting the immune system (*orange*). The subsequent immune response has consequences on whether insults are tolerated or chronic inflammation is initiated and propagated (*red*).](gr1){#fig1}

![The structure and function of chromatin. The structure of chromatin helps determine whether genes are transcribed or not. Chromatin comprises DNA strands that entwine an octamer of histone proteins, comprising histone subtypes H2a, H2b (2× dimer), H3, and H4 (1× tetramer).[@bib139] In a simple model, chromatin exists as heterochromatin or euchromatin. (*A*) Heterochromatin is a condensed form of chromatin that does not allow access of transcription factors such as RNA polymerase and therefore prevents gene transcription. In its condensed form, heterochromatin is linked with various corepressors, methylated DNA, low levels of histone acetylation, and methylation of key lysine residues (H3 lysine 9 \[H3K9Me\] and 27 \[H3K27Me\]). (*B*) Euchromatin is a relaxed form of chromatin that allows access to DNA and RNA polymerases and transcription to occur. Euchromatin is associated with coactivators and specific histone acetylation (acetylation on lysine 16 of histone 4 \[H4K16Ac\]) that together form a large protein complex called an enhanceosome. This enhanceosome then recruits RNA polymerase to perform transcription.[@bib68; @bib140]](gr2){#fig2}

![The relationship between genetic polymorphisms and epigenetic factors. Epigenetic features of T cells in patients with IBD affect Th1 and Th17 cell differentiation. (*A*) STAT4 is associated with several immune diseases, acting as a transcription factor for IL-12 and IL-23 that leads to Th1 and Th17 cell differentiation.[@bib141] An SNP in *STAT4*, rs7574865, is associated with several immune disorders, including IBD, rheumatoid arthritis, type 1 diabetes, and lupus.[@bib142; @bib143; @bib144; @bib145; @bib146] The rs7574865 risk variants (T/T + G/T) are associated with promoter region hypomethylation in colon tissues and PBMCs of patients with IBD. STAT4 promoter hypomethylation was associated with increases in STAT4 mRNA and could promote the Th1 phenotype and interferon γ production.[@bib147] In T cells from patients with asthma, STAT4 expression is also regulated by DNA methylation at promoter regions. Interestingly, STAT4 expression was markedly increased after treatment with a DNMT inhibitor.[@bib148] (*B*) An IBD-associated SNP in *IL23-R*, rs10889677, is associated with increased levels of IL-23R mRNA and protein. This could result from reduced binding of microRNAs Let-7e and Let-7f at the regulatory 3′ untranslated region of the rs10889677 risk variant (*A*) compared with cells from patients without IBD (*C*).[@bib149] Reduced binding of Let-7e and Let-7f to rs10889677 is associated with increased levels of IL23R mRNA and protein, potentially leading to sustained activation of Th17 cells and the chronic inflammation associated with IBD.[@bib149]](gr3){#fig3}

![Loci identified in GWAS indicating roles for the innate immune response to the microbiota and autophagy in the pathogenesis of CD. Several CD risk alleles were identified in GWAS in genes that control autophagy, including *TLR4*, *ATG16L1*, *IRGM*, and *ULK1*. (*A*) The *ULK1* locus has been associated with susceptibility to CD; it encodes a serine-threonine kinase involved in the autophagy response to starvation. *ULK1* is hypermethylated in cells from patients with CD compared with controls.[@bib87] (*B*) *IRGM* encodes a gene that regulates the innate response to intracellular organisms, including *Mycobacterium tuberculosis*. The CD risk allele rs10065172 is associated with a deletion upstream of IRGM.[@bib150] This SNP had been termed noncausative due to an absence in alteration of protein sequence or splice sites. However, the risk variant has an altered binding site for microRNA-196. Individuals with this SNP down-regulate *IGRM*. The consequence is a functional reduction of autophagy and processing of the adhesive invasive *Escherichia coli*, which has been associated with CD.[@bib113]](gr4){#fig4}

###### 

DNA Methylation Studies in IBD in Peripheral Blood and Intestinal Biopsy Specimens

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Authors                                     Subjects                                                                                      Study design                                                                       Samples                                                                 Techniques                                                         Highlighted differentially methylated loci                                      Number of loci showing differential DNA methylation
  ------------------------------------------- --------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------------------- -----------------------------------------------------
  Peripheral blood DNA methylation studies                                                                                                                                                                                                                                                                                                                                                                                                                

  Harris et al, 2012[@bib84]                  Discordant monozygotic twins (4 CD, 7 UC), childhood IBD control (14 CD, 8 UC)                Training set discordant monozygotic twins, testing set childhood IBD control       Peripheral leukocytes PBMCs                                             Methylation-specific amplification array 450K Illumina BeadChip\   *TEPP*                                                                          1
                                                                                                                                                                                                                                                                                                       Bisulfite pyrosequencing                                                                                                                           

  Lin et al, 2012[@bib85]                     18 patients with IBD (9 CD, 9 UC)                                                             Case control                                                                       Epstein--Barr virus---transformed B cells                               Illumina GoldenGate\                                               *Bcl3*, *PPARG*, *STAT3*, *OSM, STAT5*, *IL12RB*, *SOX1*, *COL18A1*             49
                                                                                                                                                                                                                                                                                                       Restriction length polymorphisms                                                                                                                   

  Nimmo et al, 2012[@bib79]                   21 ileal CD\                                                                                  Case control, testing set on childhood IBD                                         Whole blood                                                             Illumina 27K BeadChip                                              *MAPK13*, *FASLG*, *PRF1*, *S100A13*, *RIPK3*, and *IL-21R*                     50
                                              19 controls                                                                                                                                                                                                                                                                                                                                                                                                 

  Intestinal biopsy DNA methylation studies                                                                                                                                                                                                                                                                                                                                                                                                               

  Cooke et al, 2012[@bib87]                   8 with active UC, 8 with quiescent UC, 8 with active CD, 8 with quiescent CD, 8 without IBD   Case control\                                                                      Rectal biopsy specimens (whole tissue and separated epithelial cells)   Illumina 27K BeadChip                                              *THRAP2*, *FANCC*, *TNFSF4*, *TNFSF12*, *FUT7*, *CARD9*, *ICAM3*, and *IL8RB*   \>500
                                                                                                                                            Active versus quiescent\                                                                                                                                                                                                                                                                                      
                                                                                                                                            Pyrosequencing validation\                                                                                                                                                                                                                                                                                    
                                                                                                                                            Quantitative reverse-transcriptase polymerase chain reaction mRNA quantification                                                                                                                                                                                                                              

  Hasler et al, 2012[@bib86]                  20 UC discordant monozygotic twins\                                                           3-layer EWAS:\                                                                     Intestinal biopsy specimens (whole tissue)                              1\. Affymetrix array\                                              *CFI*, *SPINK4*, and *THY1/CD90*                                                61
                                              135 unrelated subjects                                                                        1. Training set\                                                                                                                                           2. Illumina 27K BeadChip\                                                                                                                          
                                                                                                                                            2. Methylation variable positions\                                                                                                                         3. MeDip 385K                                                                                                                                      
                                                                                                                                            3. Differentially methylated regions                                                                                                                                                                                                                                                                          

  Lin et al 2012[@bib151]                     9 CD, 17 UC\                                                                                  Case control\                                                                      Intestinal tissue from surgery (whole tissue)                           Illumina GoldenGate\                                               *BGN*, *SERPINA*, *TNFSF1A*, *AATK*, *GABRA5*, *MAPK10*, and *STAT5A*           7
                                              and 26 nondisease                                                                             Training set (14 vs 14) and testing set (12 vs 12)                                                                                                         Restriction length polymorphisms                                                                                                                   
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

MicroRNA Studies in IBD in Peripheral Blood and Intestinal Biopsy Specimens

  Authors                                          Subjects                                                                                                                                                   Samples                                            Techniques                          Increased microRNA expression                                                                                                                             Decreased microRNA expression
  ------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------- ----------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
  Peripheral blood microRNA studies                                                                                                                                                                                                                                                                                                                                                                                                                            
  Duttagupta et al, 2012[@bib129]                  20 active UC vs 20 healthy controls                                                                                                                        Peripheral blood                                   qRT-PCR                             miR-188-5p, -378, -422a, -500, -501-5p, -769-5p, and -874                                                                                                 
  Paraskevi et al, 2012[@bib130]                   128 CD vs 162 healthy controls                                                                                                                             Peripheral blood                                   qRT-PCR                             miR-16, -23a, -29a, 106a, -107, -126, -191, -199a-5p, -200c, 362-3p, and 532-3p                                                                           
  88 active UC vs 162 healthy controls             miR-16, -21, -28-5p, -151-5p, -155, and 199a-5p                                                                                                                                                                                                                                                                                                                                                             
  Wu et al, 2011[@bib114]                          14 active CD vs 13 healthy controls                                                                                                                        Peripheral blood                                   Microarray and qRT-PCR              miR-199a-5p, -340, -363-3p, -532-3p, and miRplus-E1271                                                                                                    miR-149\* and miRplus-F1065
  5 quiescent CD vs 13 healthy controls            miR-340\*                                                                                                                                                  miR149\*                                                                                                                                                                                                                                         
  13 active UC vs 13 healthy controls              miR-28-5p, -151-5p, -103-2\*, -199a-5p, -340\*, -362-3p, -532-3p, and miRplus-E1271                                                                        miR-505\*                                                                                                                                                                                                                                        
  10 active UC vs 10 active CD                     miR-28-5p, 103-2\*, 149\*, 151-5p, -340, -532-3p, and miRplus-E1153                                                                                        miR-505\*                                                                                                                                                                                                                                        
  Zahm et al, 2011[@bib115]                        46 active CD vs 32 healthy controls                                                                                                                        Serum                                              LDA qRT-PCR                         miR-16, -20a, -21, -30e, -93, -106a, -140, -192, -195, -484, and let-7b                                                                                   
  Colonic biopsy microRNA studies                                                                                                                                                                                                                                                                                                                                                                                                                              
  Bian et al, 2011[@bib109]                        5 active UC vs 4 healthy controls                                                                                                                          Colonic biopsy specimens                           qRT-PCR                             miR-150                                                                                                                                                   
  Brest et al, 2011[@bib113]                       83 active CD vs 67 healthy controls                                                                                                                        Colonic biopsy specimens                           qRT-PCR and in situ hybridization   miR 196                                                                                                                                                   
  Fasseu et al, 2010[@bib111]                      8 active UC vs 8 healthy controls                                                                                                                          Colon biopsy specimens                             qRT-PCR                             miR-7, -31, -135b, 223, 29a, 29b, -126, -127-3p, and -324-3p                                                                                              miR-188-5p, -215, -320a, and -346
  8 quiescent UC vs 8 healthy controls             miR-196a, -29a, 29b, -126, -127-3b, and -324-3p                                                                                                            miR-188-5p, -215, -320a, and 346                                                                                                                                                                                                                 
  8 active CD vs 8 healthy controls                miR-9, -21, -22, -26a, -29a, 29c, 30b, -31, -34c-5p, -106a, -126, -126\*, -127-3p, -130a, -133b, -146a, -146b-3p, -150 ,155, -181c, -196a, -324-3p, -375                                                                                                                                                                                                                                                    
  8 quiescent CD vs 8 healthy controls             miR-9\*, -21, -22, -26a, 29b, 29c, 30a\*, -30b, -30c -31, -34c-5p, 106a, -126, -127-3p, -133b, -146a, 146b-3p, -150, -155, -196a -223, and -324-3p                                                                                                                                                                                                                                                          
  8 quiescent UC vs 8 quiescent CD                                                                                                                                                                            miR-150, 196b, -199a-3p, -199-5p, -223, and 320a                                                                                                                                                                                                 
  Nguyen et al, 2010[@bib152]                      8 active CD vs 6 healthy controls                                                                                                                          Colonic biopsy specimens                           qRT-PCR                                                                                                                                                                                       miR-7
  Olaru et al, 2011[@bib153]                       IBD-associated dysplasia vs active IBD                                                                                                                     Colonic biopsy specimens                           Microarray and qRT-PCR              miR-31, 31\*, -96, -135b, -141, -183, -192, -192\*, -194, -194\*, -200a, -200a\*, -200b, -200b\*, -200c, -203, -215, -224, -375, -424\*, -429, and -552   miR -122, -139-5p, -142-3p, -146b-5p, -155, -223, -490-3p, 501-5p, -892b, and -1288
  Pekow et al, 2012[@bib154]                       8 active UC vs 8 healthy controls                                                                                                                          Colonic biopsy specimens                           qRT-PCR                                                                                                                                                                                       miR-143 and -145
  Takagi et al, 2010[@bib110]                      12 active UC vs 12 healthy controls                                                                                                                        Sigmoid colon biopsy                               Microarray and qRT-PCR              miR-21 and -155                                                                                                                                           
  Wu et al, 2008[@bib108]                          15 active UC vs 15 healthy controls                                                                                                                        Sigmoid colon biopsy                               Microarray and qRT-PCR              miR-16, -21, 23a, 24, 29a, 126, 195, and left-7f                                                                                                          miR-192, 375, and 422b
  Wu et al, 2010[@bib112]                          5 active colonic CD vs 13 healthy controls                                                                                                                 Sigmoid colon biopsy specimens                     Microarray and qRT-PCR              miR-23b, -106a, and -191                                                                                                                                  miR-19b and -629
  6 active small bowel CD vs 13 healthy controls   Terminal ileal biopsy specimens                                                                                                                            Microarray and qRT-PCR                             miR-16, -21, -223, and 594                                                                                                                                                                    

qRT-PCR, quantitative reverse-transcriptase polymerase chain reaction.
